In dogs studied without thoracotomy, under morphine-pentobarbital anesthesia and with an average heart rate of 71 beats/minute, atrial systole contributes to ventricular function to a small but significant degree. Stroke volume increased by 7 to 8% when atrial systole was timed to occur 0.1 second prior to closure of the atrioventricular valves, and decreased a similar magnitude when the contribution of atrial systole to ventricular filling was rendered ineffective by the use of an A-V delay of zero so that atrial emptying into the ventricles was prevented by the closed A-V valves. Increases or decreases in right atrial pressure of several centimeters of water induced by infusion of 6% dextran and by hemorrhage, respectively, were not associated with demonstrably significant alterations in these effects.
ADDITIONAL KEY WORDS bypass of bundle of His hypovolemia hypervolemia nonthoracotomized dogs electrical pacing of atria and ventricles effective and ineffective atrial contraction stroke volume determined from pulse pressure • Although it is generally agreed that late diastolic distention of the ventricles produced by atrial contraction improves ventricular performance, there is considerable variability in the results of experiments designed to quantitate this effect. Gesell 1 in 1916 found that the ventricular filling effect of atrial systole averaged about 50*. Wiggers and Katz 2 in 1922 assessed the atrial contribution to ventricular filling as 18 to 60$, averaging 35%. Jochim 8 in 1938 calculated the maximal net atrial contribution as 21$ of ventricular filling when the atrial systolic-ventricular systolic interval was 0.1 second.
Because of the variability in the results and because open-chest preparations were used in Dr. Wood is a Career Investigator of the American Heart Association.
Accepted for publication January 10, 1966. all but one of these studies, we have investigated the effect of atrial contraction on stroke volume and venous pressure in dogs with chronic heart block studied without thoracotomy. An electronic bypass was substituted for the bundle of His, atrial action potentials being used to trigger stimuli to the right ventricle through a variable delay circuit, a technic employed by Hellerstein and associates. 4 Methods Nine experiments were performed in seven dogs (body wt 13 to 15 kg) in which chronic atrioventricular block had been produced 6 to 12 months before, by ligating the bundle of His at open atriotomy during temporary caval occlusion. All the animals were in good condition and free of congestive failure. They were premedicated with morphine (5 mg/kg subcutaneously) and 30 minutes later anesthetized with sodium pentobarbital (15 mg/kg intravenously). Occasional supplementing doses of the barbiturate (25 to 50 mg) were required during long experiments. The dogs were positioned on their backs on a padded animal board with their front legs flexed along the thorax. Positive pressure respiration equal to 6 to 9 cm saline at 35 to 40 cycles/ 34 SNYDER, BENDER, KITCHIN, ZITNIK, DONALD, WOOD min with oxygen via a cuffed endotracheal tube was used throughout the experiment. At this rate, several respiratory cycles occur within the time course of the main deflection of a single dilution curve, and this reduces the possible effects on dilution curve values of variations in cardiac output during different phases of the respiratory cycle. Furthermore, sinus arrhythmias associated with the respiratory cycle do not occur under these conditions. Cardiac catheters (sizes 5 and 6F) were introduced by percutaneous needle puncture into the external jugular veins and positioned under fluoroscopic control. The electrode tip of one catheter was placed in the outflow tract of the right ventricle. A similar catheter, used to pick up atrial electrical activity, was looped in the right atrium so that the tip rested on the atrial wall. A size 6F catheter was placed in the right atrium for pressure recording and a size 5F catheter in the superior vena cava for dye injection. A nylon catheter (length 60 cm, internal diameter 0.6 mm) was introduced into the femoral artery by percutaneous needle puncture (19T-gauge needle) and advanced to the thoracic aorta for recording of systemic arterial pressure. A second nylon catheter (length 20 cm, internal diameter 1.0 mm) was similarly introduced (via a 17Tgauge needle) into the left femoral artery for continuous sampling for recording of indicator dilution curves. The positions of the cardiac catheters were verified by roentgenograms of the chest.
Aortic, femoral, right ventricular, and right atrial pressures were measured by Statham P23D strain gauges and photographically recording galvanometers. 6 In addition, the right atrial catheter could be connected interchangeably to a saline manometer via a two-way stopcock so that mean right atrial pressures could be read at frequent intervals throughout the experiment. The zero reference level for all pressures was taken at the middorsal-ventral level of the thorax. 6 Cardiac output was measured by the indicator dilution method; the dye was indocyanine green.* Injections of 1 ml (1.25 or 2.5 mg) were made into the superior vena cava, and the optical density of blood, withdrawn continuously from the femoral artery, was recorded by a Waters XC100 densitometer compensated for background dye. 6 The instrument was calibrated by drawing through it two series of blood samples, one taken at the middle and one at the end of the experiment, to which known quantities of dye had been added. Cardiac outputs were calculated by the Stewart-Hamilton method.
The pacemaker used to drive the ventricles produced an approximate square-wave pulse of 3-msec duration at 1 to 30 volts. At rates of 100/ min, the voltage required to stimulate the ventricles ranged from 1.5 to 10 volts. In addition to acting as a variable-rate pacemaker, the stimulator could be triggered from the atrial P wave picked up by the right atrial electrode catheter. This signal, amplified by means of a Sanborn ECG amplifier, activated the ventricular pacemaker via a transistor circuit which imposed a variable delay of either 0.00 or 0.10 second. In addition, a lock-out circuit was incorporated so that for a variable period following the ventricular stimulus the circuit was unresponsive to input signals. In this way, triggering from a ventricular contraction itself was eliminated.
The shortest possible transit time of a signal from the right atrial electrode catheter through the electronic circuits to the electrode catheter in the outflow tract of the right ventricle was 0.004 sec, henceforth called zero delay. At zero delay the atria contract against closed A-V valves and hence do not contribute to ventricular filling. This situation will be referred to as "ineffective atrial contraction." At 0.1-sec delay, which approximates the normal P-R interval in the dog, the atrial contraction contributes to ventricular filling, and this situation is referred to as "effective atrial contraction."
At an a trio ventricular (A-V) stimulus interval of zero, replicate pressure recordings, dye curves, and saline manometer readings of mean right atrial pressure were obtained, separated by a 2to 4-min interval. The results of these replicate
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FIGURE 1
•Cardio-Green supplied by courtesy of Hynson, Westcott and Dunning, Baltimore, Maryland.
Photokymographic record taken during a change from ineffective (zero A-V delay) to effective (0.1 sec A-V delay) atrial systole. Dog; 11 kg. Plots of the changes in pressures and other variables measured from this recording are shown in figure 2.
Orcnliricm Rejorch, Vol. XEC July 1966 values were averaged to obtain the value for zero A-V delay. The atrioventricular stimulus interval was then changed to 0.1 sec (effective atrial contraction) while continuous recordings of pressures were obtained at a paper speed of 5.0 mm/sec, and simultaneously on another camera at a paper speed of 25 or 150 mm/sec ( fig. 1 ). At two minutes and four minutes following this change in the stimulus interval, pressure recordings, dye curves, and saline manometer readings were obtained and averaged to obtain the values for 0.1 second A-V delay. The same sequence was followed when the A-V delay was changed back from 0.1 to zero sec.
In order to evaluate the effects of altering right atrial pressure on the atrial contribution to stroke volume, three states of volemia were studied: (1) the control or normovolemic state (seven dogs), (2) the hypovolemic state produced by bleeding the animals of 200 to 400 ml (five dogs) and (3) the hypovolemic state produced by infusion of 100 to 250 ml of 6% dextran (five dogs).
The data were analyzed in two ways:
IMMEDIATE EFFECTS OF CHANGE IN A-V DELAY ON STROKE VOLUME
Changes in stroke volume associated with the change from effective to ineffective atrial contraction or vice versa were calculated from the aortic pressure tracing by the pressure-pulse method, for which a correction factor for systolic and diastolic times was used. This formula was used in preference to other methods because it has been found to have a reasonably low degree of variability. 7
Ts
Stroke volume = k (P, -P d ) (1 + -^ )> in which k = proportionality constant whose value was adjusted so that the stroke volume value obtained by this pressure-pulse method was equal to the value measured by the dye method, P, = aortic systolic pressure, mm Hg, P d = aortic diastolic pressure, mm Hg, Ts -systolic time in seconds, Td = diastolic time in seconds.
Stroke volume was calculated for the five beats immediately prior to and the five beats immediately following the change in A-V delay. Stroke volume values prior to the change in delay were averaged, and the resulting value was called 100$. The stroke volume values obtained immediately following the change in A-V delay were then expressed as a percentage of the average value for the five beats prior to the change in A-V delay. Since all values for the immediate changes in stroke volume based on the pressure-CircuUtion Rootrch, VoL XIX. July 1966 pulse method were expressed in this relative manner, the k value of the equation was assumed to be 1.0 and to have remained constant for the period encompassing the five heart beats just prior to and the five beats immediately following each change in the atrioventricular delay.
CHANGES PRESENT AT TWO AND FOUR MINUTES FOLLOWING CHANGE IN A-V DELAY
Data obtained from cardiac output determinations by the dye method at these intervals, plus saline manometer readings of mean right atrial pressure, heart rate, and average stroke volume (cardiac output divided by heart rate) were compared both before and after change in A-V delay. Beat-to-beat effects of a change from ineffective atrial systole (zero A-V delay) to effective atrial systole (0.1 sec A-V delay) on intracardiac pressures and calculated stroke volume. Note that the maximal change in atrial and ventricular pressures is evident at the first beat after the change from 0 to 0.1 sec A-V delay while the maximal changes in aortic pressure and stroke volume are attained about four to five heart beats later.
Results
IMMEDIATE EFFECTS OF CHANGE FROM INEFFECTIVE TO EFFECTIVE ATRIAL CONTRACTION
occurring against closed A-V valves. When the A-V delay was changed to 0.1 sec, right ventricular systolic and right ventricular end diastolic pressures increased immediately and were followed in one to two beats by increased aortic systolic and aortic diastolic pressures. Right atrial a-waves decreased in amplitude as atrial systole now occurred when the A-V valves were open. The electrocardiogram reveals absent P waves at zero delay since they are "buried" within the QRS complex; but at 0.1-sec delay, regularly occurring P waves were found with a P-R interval of 0.1 sec. Figure 2 shows beat-to-beat changes of stroke volume, pressures, diastolic time, and heart rate taken from the record shown in figure 1. The diastolic time of the first cardiac cycle following the change in A-V delay from 0 to 0.1 sec was unavoidably increased by 0.1 sec, and the reverse effect occurred when the delay was changed from 0.1 to 0 sec. The diastolic time of the cycles following this initial beat was not systematically different from the average value immediately prior to the change in A-V delay, and there was no immediate systematic change in heart rate. The stroke volume in this instance was increased 10 to 12% during the third to sixth beats following the change from ineffective to effective atrial contraction.
The beat-to-beat values for stroke volume for the cardiac cycles immediately preceding and following the change from effective to ineffective atrial contraction and vice versa in nine experiments on seven dogs are shown in figure 3 . Values for individual beats showed considerable variability; but the mean values, expressed as a percentage of the average value before the change, were relatively con- 
HEART BEATS IN RELATION TO INSTANT OF CHANGE IN A-V DELAY TIME
Immediate effects of the change from effective (0.1 sec A-V delay) to ineffective (zero A-V delay) atrial systole and vice versa on stroke volume determined by a pressure-pulse method. Symbols represent individual values from nine experiments done in seven dogs with chronic complete heart block. Solid line is drawn through the mean values for each heart beat. Average
differences between values before and after each change in mode of stimulation are statistically significant and amount to 7 to 8% of the value before the change of stimulation.
Circulation Roeirch, VoL XTX, July 1966 stant from cycle to cycle during the control beats. They showed constantly a small decrease with the change from 0.1 to 0 sec A-V delay and the opposite effect with the change back to effective atrial contraction. The unavoidable change in the duration of diastolic and hence ventricular filling time during the first cardiac cycle following the change in A-V delay, and the possible carry-over of this effect into the second beat, required the omission of these two cardiac cycles in the statistical analysis. A paired comparison of the values for the third and fourth beats after the change in A-V delay with the two beats immediately prior to the change in delay indicated that the average immediate change in stroke volume of 7 to 8% was statistically significant ( P < 0.001). The average spontaneous sinus rate and hence atrioventricular rate at which these observations were made was 71 beats/ min with a range of 41 to 100 beats/min. The average beat-to-beat values for stroke volume during changes in A-V delay obtained in two dogs at three different levels of right atrial pressure associated with three states of volemia are shown in figure 4 . The immediate changes in stroke volume associated with effective atrial contraction were very similar to those obtained in the normal volemic state. Figure 5 illustrates changes in mean right atrial pressure, cardiac output, heart rate, and stroke volume during the three states of volemia. Mean right atrial pressure at 0.1-sec delay averaged 4.6 cm H2O during the control Heart rate at 0.1-sec delay averaged 71 beats/min during control state, 73 during hypovolemia, and 80 during hypervolemia. The response following change to zero delay was very variable, with an average increase of 3 beats/min during the control state (P<0.05), 9 during hypovolemia (P<0.001), and 5 during hypervolemia (P < 0.02).
EFFECTS AT TWO AND FOUR MINUTES FOLLOWING CHANGE IN A-V DELAY
Immediate effects of change from effective (0.1 sec A-V delay) to ineffective (zero A-V delay) atrial contraction and vice versa on stroke volume at different levels of atrial pressure induced by hemorrhage (hypovolemia) and infusion of 6% dextran (hypervolemia
Derived stroke volume (cardiac output divided by heart rate) at 0.1-sec delay was 26 ml/beat during the control state, 15 during hypovolemia, and 30 during hypervolemia. Following change from 0.1-sec to 0 delay, the stroke volume decreased about 2 ml/beat during the control and hypovolemic states, and about 3 ml/beat during hypervolemia (P<0.001 for each state). Hence, the calculated atrial contribution to stroke volume was 7 to 8$ during the control state, 14* during hypovolemia, and 103! during hypervolemia. The differences between these values are not statistically significant.
The changes in right ventricular end diastolic pressure noted in pressure tracings taken during changes in A-V delay were not statistically significant at two and four minutes following the change in A-V delay.
Ditcuition
The effects of the central nervous system on the performance characteristics of the atria and ventricles must be emphasized. During stimulation of the stellate ganglion, atrial contraction has been noted to produce larger end diastolic increments in both ventricular pressure and myocardial segment length. Conversely, stimulation of the distal cut end of the vagus nerve has been shown to depress atrial contraction, as shown by a diminished a-wave, increase in mean left atrial pressure, and a smaller rise of ventricular diastolic pressure due to each atrial systole. 8 ' 9 The importance of these observations is probably enhanced in the awake, active dog, in which additional variations in sympathetic Note that there is no statistically significant difference in the values obtained during the three different conditions and that the average increases in heart rate of 3 to 5 beats/min during ineffective atrial contraction (presumably due to compensatory reflexes) minimized the decreases in cardiac output which otherwise would have been associated with decreases in stroke volume of 2 to 3 ml/beat (7 to 14%).
Circulation Rejearch, Vol. XIX, July 1966 tone during excitement or exercise would exert a positive inotropic effect on both the atria and the ventricles. In this study, spontaneous variations in sympathetic and parasympathetic tone which occur in an awake animal were probably suppressed by the anesthesia. The use of morphine in this study with its associated vagotonic effects may have depressed atrial contraction. Baroreceptor reflexes remained functionally intact in these experiments, so that the immediate changes in stroke volume and blood pressure associated with a change in A-V delay could alter atrial and ventricular contractility and thus minimize the immediate hemodynamic effects associated with die change from effective to ineffective atrial contraction. The slight increase in heart rate with the change from 0.1 sec to zero A-V delay when a decrease in stroke volume occurred is evidence that these reflexes were functioning. It is believed, however, that the changes observed in the third and fourth beats following die change in A-V delay were largely independent of changes in autonomic tone, since the elapsed period from the change is too short for these reflexes to have become fully effective. Furthermore, studies similar to these have been done in dogs with total cardiac denervation in order to avoid these reflex effects, and the results have been similar. 10 It is also interesting in this regard that the average changes in stroke volume for the initial heart beats after the change in A-V delay were not significantly different from those determined two to four minutes after the change, at which time compensatory cardiovascular reflexes would be expected to be fully effective.
Although the absolute accuracy of determinations of stroke volume from aortic pressure pulses is subject to question, their suitability for measuring changes in cardiac output under specific circumstances has been verified. 7 ' u The maximal accuracy of these methods would be expected under circumstances such as the current study when changes in closely contiguous beats were being determined under conditions in which no Circulation Resoich, VoL XIX, July 1966 or minimal changes occurred in respiration, metabolic requirements, body position, state of arousal, heart rate, and autonomic outflow.
Within the range of heart rates of 41 to 100 beats/ min covered in this study, there was no apparent evidence that the magnitude of the atrial contribution to stroke volume varied with heart rate. Since it is plausible that the duration of diastole would be an increasingly important factor in ventricular filling at faster heart rates, it seems probable that atrial systole might be increasingly important as heart rate increased. It has been shown that in the dog with complete heart block in which both the atria and the ventricles were stimulated over a wide range of heart rates, the transport function of the atria becomes more important at heart rates above 140 beats/min. 12 It is interesting, however, that variations in right atrial pressure of several centimeters of water were not associated widi demonstrably significant changes in the contribution of atrial systole to stroke volume.
Although continuous recordings taken during tie change in atrioventricular delay showed an immediate small change in right ventricular end diastolic pressure, statistically significant systematic changes were not demonstrable at two and four minutes following the change in delay. This may have been due to the damping effects of autonomic reflexes and other compensatory mechanisms which would be maximally effective after periods of two to four minutes and also could have been partially instrumental in origin since such small changes in pressure are difficult to record with certainty.
The relative mechanical effectiveness of left ventricular systoles induced by electrical pacing from the outflow track of the right ventricle as compared with normally activated ventricular beats may have some bearing on this study. The cardiac output and right atrial pressures of dogs with complete heart block return to normal when the heart rate is restored to normal by right ventricular pacing. 18 Observations in this laboratory in dogs with heart block, in normal dogs, and in dogs with total cardiac denervation studied without thoracotomy have revealed no demonstrable difference in the effectiveness of immediately interchangeable normal and electrically driven left ventricular contractions via an electrode in the outflow tract of the right ventricle when the heart rate and atrioventricular delay associated with the two modes of activation were maintained as closely similar as possible. 10 In the studies reported here, the activation of atrial systoles was under normal spontaneous sinus control at all times. The ventricular rhythm, however, was maintained by right ventricular pacing, which was throughout independent of the particular electronically controlled temporal relationship (0 to 0.1 sec delay) between these paced ventricular beats and atrial systole. Since the mode of ventricular activation was unchanged in the two conditions studied, and since other observations indicate that right ventricular electrical activation is not associated with a demonstrable decrement in cardiac function, it seems highly unlikely under these circumstances that this factor has an important bearing on the results obtained.
The effect of atrial systole on closure of the A-V values has been emphasized by Little et al., 14 Sarnoff and Mitchell, 15 and others. 10 Whether absence of atrial facilitation of valve closure does in fact impair ventricular function and whether any such impairment would be comparable to the effect on ventricular function of loss of atrial augmentation of end diastolic filling has not been demonstrated as yet. 17 However, recent studies in dogs by means of a roentgen videodensitometer, and without thoracotomy, indicate that "ventriculogenic" closure of the mitral valve is highly efficient independent of the timing, presence or absence of atrial systoles. 18 " 20 
